Sea-level rise and decadal variability along the northwestern coast of the North Atlantic Ocean are studied in a self-consistent framework that takes into account the effects of solid-earth deformation and geoid changes due to large-scale mass redistribution processes. Observations of sea and land level changes from tide gauges and GPS are compared to the cumulative effect of GIA, present-day mass redistribution, and ocean dynamics over a 50 year period . GIA explains the majority of the observed sea-level and land motion trends, as well as almost all interstation variability. Present-day mass redistribution resulting from ice melt and land hydrology causes both land uplift and sea-level rise in the region. We find a strong correlation between decadal steric variability in the Subpolar Gyre and coastal sea level, which is likely caused by variability in the Labrador Sea that is propagated southward. The steric signal explains the majority of the observed decadal sea-level variability and shows an upward trend and a significant acceleration, which are also found along the coast. The sum of all contributors explains the observed trends in both sea-level rise and vertical land motion in the region, as well as the decadal variability. The sum of contributors also explains the observed acceleration within confidence intervals. The sea-level acceleration coincides with an accelerating density decrease at high latitudes.
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The sea-level budget along the Northwest Atlantic coast: GIA, mass changes, and large-scale ocean dynamics
Introduction
Observations show that sea level along the northwestern coast of the Atlantic Ocean north of Cape Hatteras (358N, Figure 1 ) rises faster than the global average [Boon, 2012] and shows an acceleration over the last decades [Ezer and Corlett, 2012; Sallenger et al., 2012] . However, the multitude of processes that affects regional sea level shows variability on a wide range of temporal scales, which hinders the separation between secular trends and accelerations and internal variability [Haigh et al., 2014] . Kopp [2013] argues that in this region, the acceleration does not yet exceed the likely range of natural variability. Further insight can be obtained by considering the contribution of each individual process on regional sea level.
It is well-known that in general, regional sea level is influenced by multiple processes [Stammer et al., 2013] . Along our region of interest, which covers the Atlantic coast between 35 N and 45 N, many studies discuss the individual contributors to sea-level trends, accelerations, and variability [e.g., Bingham and Hughes, 2009; Engelhart et al., 2009; Ezer, 2013; Woodworth et al., 2014; Karegar et al., 2016] , although to date, no study has yet combined these processes to close the regional sea-level budget.
Tide gauges are the main source of sea-level data over the last century, and the northwestern Atlantic coast is covered by a dense network of high-quality tide gauges with long records [Woodworth et al., 2014] . Since tide gauges observe sea level relative to the land, tide gauges register vertical land motion (VLM) as a change in sea level. Permanent GPS receivers colocated with tide gauges can provide VLM rates, which allow separating vertical land motion from geocentric sea-level change [Santamar ıa-G omez et al., 2012; W€ oppelmann and Marcos, 2016] . At many locations along the northwestern Atlantic coast, vertical land motion (VLM) forms a large contribution to sea-level changes [Han et al., 2014] . The region is closely located to both the former Laurentide Ice Sheet and its forebulge location, and therefore large trends and regional differences in VLM, and thus in sea level, can be expected [Engelhart et al., 2009; Peltier et al., 2015] . Some stations in the region also suffer from local subsidence due to present-day groundwater depletion [Karegar et al., 2016] , while larger areas are affected by elastic uplift as a response to the decrease of surface load due to groundwater pumping [Veit and Conrad, 2016] .
Multiple studies investigate the impact of processes related to atmosphere and ocean dynamics on sea level in this region. On decadal and multidecadal time scales, weakening of the Atlantic Meridional Overturning Circulation (AMOC) will cause a rise of the dynamic sea level along the coast [Landerer et al., 2007; Bingham and Hughes, 2009; Ezer, 2013] . Since the AMOC has only been observed directly since 2004, no information about its behavior is available on multidecadal time scales. Furthermore, Thompson and Mitchum [2014] argue that sea-level variability along the east coast of the North American continent has a common mode, caused by zonal transport between the ocean interior and the western ocean boundary.
Next to large-scale oceanic forcing, regional wind forcing and the inverted barometer effect cause interannual variability of coastal sea level which may hide the effects of large-scale ocean dynamics on coastal sea level [Woodworth et al., 2014; Li et al., 2014; Piecuch and Ponte, 2015; Piecuch et al., 2016] . Hence, the effect of ocean dynamics consists of processes related to regional atmospheric forcing, and processes acting on larger spatial scales.
In this paper we investigate the influence of various large-scale processes on sea-level rise and variability along the American Atlantic coastline north of Cape Hatteras over the period . Over this period, high-quality tide gauge observations are available, as well as in situ subsurface temperature and salinity profiles in the northwestern Atlantic ocean, which are used to study the effects of ocean dynamics and changes in seawater density on coastal sea level. We use a self-consistent framework, similar to Frederikse et al. [2016] , which explicitly incorporates the effects of GIA and present-day mass redistribution on both sea-level changes and vertical land motion. Using this framework, we compare the observed changes in sea level and land level with the sum of the individual processes. We show that the sum of the processes explains the observed decadal variability, trend, and acceleration in sea level along the northwestern Atlantic coast.
This paper is structured as follows: in section 2, we introduce the observed sea-level trends and variability from tide gauges and the linear rates of vertical land motion from GPS observations. In section 3 we discuss the role of GIA and introduce an updated data-driven model, which explains a large fraction of the observed VLM trends and most of the interstation variability. In section 4 the role of present-day mass transport due to ice melt and land hydrology is discussed. We show that present-day mass redistribution affects both sealevel and land-level observations and that the resulting VLM trends over the GPS era are not fully representative for the full 50 year study period. In section 5, we discuss the role of ocean dynamics on sea level in the region and show that steric changes in the Subpolar Gyre are highly correlated with sea-level changes Journal of Geophysical Research: Oceans 10.1002/2017JC012699 along the coast. In section 6, we combine the estimates of all terms and present the estimate of the sealevel and VLM budget in the region and we show that the vast majority of the observed decadal variability, trend, and acceleration of sea level in the region can be explained by the individual processes. Finally, the discussion of the results and the conclusions are presented in section 7.
Sea-Level and GPS Observations
For the observations of trends and variability in mean sea level, we have selected 14 tide gauges from the Permanent Service for Mean Sea Level (PSMSL) database [Holgate et al., 2013] . We have selected stations that are within 25 km of one or more permanent GPS stations and are not known for datum instability. All tide gauge stations with their location and GPS stations are listed in Table 1 . Local barotropic effects may play a large role in the variability at individual tide gauge locations. Since we are interested in a regionmean signal, we remove the local effects of the seasonal cycle, wind stress, and sea-level pressure from monthly mean sea level by applying a simple linear regression model, similar to the procedure followed in Dangendorf et al. [2014a] . Indices of wind and sea-level pressure have been obtained from the twentieth Century Reanalysis project version V2C [Compo et al., 2011] . For each index we select the grid cell within a 250 km radius of the tide gauge with the highest correlation with monthly mean sea level. We subsequently estimate the least squares coefficients and the confidence intervals using linear least squares, (1) with fðtÞ monthly mean sea level, f 0 mean sea level, t the time epoch, p(t) sea-level pressure, pðtÞ sea-level pressure averaged over all oceans, and s u and s v the zonal and meridional wind stress. When the estimated values of a 3 , a 4 , and a 5 are significant (i.e., their 95% confidence interval does not cross zero), their accompanying regressor is removed from the mean sea-level time series, as well as the mean f 0 and the annual and semiannual cycle ðb 1 ; b 2 ; b 3 ; b 4 Þ. The linear trend and acceleration term are coestimated, but not removed from the signal. Note that leaving out the trend or acceleration estimate in equation (1) has a negligible effect on the resulting regression coefficients. Supporting information Figure S1 shows the signal that is removed for each individual station, as well as the station-mean removed and retained signals. Consistent with findings of Piecuch and Ponte [2015] and Woodworth et al. [2014] , the removed signal also contains a station-mean signal, although this signal is smaller than the residual station-mean signal and does not show a significant trend or acceleration. Also for the individual stations, the removed signal does not contain significant trends or accelerations.
To test the sensitivity of the regression model against the choice of the reanalysis product, we have tested our regression model using data from the JRA55 reanalysis [Kobayashi et al., 2015] and the ICOADS 3.0 gridded observations database [Freeman et al., 2016] . Both data sets cover the full 1965-2014 period. The removed and retained signals for these data sets are also shown in supporting information Figure S1 . After the removal of the local effects of wind and air pressure, the linear trends and accelerations, together with their uncertainties, are estimated for each time series by assuming a generalized Gauss-Markov (GGM) noise structure. This noise model adequately describes the serially correlated noise structure in most tide gauge time series [Bos et al., 2014] . The Hector software [Bos et al., 2013] is used to compute the trends, accelerations, and their uncertainties. The uncertainty related to the use of different models for the regression analysis is added in quadrature to the error estimates. All confidence intervals presented in this study are at the one sigma level.
To separate decadal variability from high-frequency signals, the time series, after correcting for wind and pressure, are low-pass filtered using a 49 month running mean. Note that trends and accelerations are estimated from the signal before the running mean filter is applied.
The station locations and the observed linear trends are depicted in Figure 1a . The linear trends show large interstation differences, with lower trends mostly located in the northeast and higher trends in the southwest. On the other hand, the pattern of decadal variability after applying the regression model, shown in Figure 1b , is very similar between stations. This coherent pattern of decadal variability has already been observed in many studies [e.g., Thompson, 1986; Thompson and Mitchum, 2014; Woodworth et al., 2014] .
For each GPS receiver, linear vertical land motion trends have been obtained from the Nevada Geodetic Laboratory (geodesy.unr.edu). For some tide gauge stations, multiple GPS receivers are nearby. In that case, the rates of all nearby GPS stations have been averaged. The provided trends have been computed using the MIDAS robust trend estimator [Blewitt et al., 2016] , which provides trends and uncertainties that are not affected by unknown jumps in GPS time series, which could cause large biases if they remain uncorrected [Gazeaux et al., 2013] . The vertical land motion rates as observed by GPS and their confidence intervals are depicted in Figure 2 . The rates have been inverted and plotted next to the observed sea-level trends. A clear connection between the sea-level and inverted land-motion trend can be seen: stations with high sea-level trends generally show high subsidence and vice versa. The distinct northeast-southwest pattern of lower and higher rates in the tide gauge records can also be observed from GPS. The difference between the observed sea-level and inverted VLM trend does not show large variations over the region, which suggests that the large interstation differences have their origin mostly in vertical land motion. In the next sections we will examine the influence of glacial isostatic adjustment (GIA) and present-day mass transport on the regional sea-level and VLM trends and whether these processes explain the differences between the individual stations.
Glacial Isostatic Adjustment
The primary candidate for explaining the differences between the individual stations in observed sea-level and land-level change is glacial isostatic adjustment (GIA). GIA affects both GPS and tide gauge observations: deformation of the solid earth is registered as vertical land motion by GPS observations, while tide gauges observe changes in relative sea level, which is a combination of solid-earth deformation, geoid changes, and a global-mean eustatic term that ensures conservation of mass [Tamisiea, 2011] . Journal of Geophysical Research: Oceans
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The observed northeast-southwest gradient in relative sea level has already been linked to GIA in multiple studies [Engelhart et al., 2009; Kopp, 2013] . Both uplift due to the proximity of the former Laurentide Ice Sheet, and subsidence caused by the collapse of the ice sheet forebulge occur in our region. Both effects result in a complex uplift-subsidence structure that poses a challenge for many GIA models [Davis and Mitrovica, 1996; Roy and Peltier, 2015] . Here we revisit the influence of GIA in the region with the regional GIA model from Simon and Riva [2016] . This model is based on a joint inversion of VLM rates from GPS, gravity rates from GRACE, and a large suite of forward GIA models that spans plausible ice sheet and earth viscosity model parameters. Compared to the global ICE6G-VM5a model , the resulting GIA solution gives an overall lower misfit to observed gravity changes and vertical land motion over the North American continent [Simon and Riva, 2016] . In addition to most GIA models, this model also provides estimates of the formal uncertainty of the predicted sea-level and land-level velocities. Supporting information Figure S2 shows a comparison between the GIA model employed here and the global ICE6G-VM5a model .
The modeled present-day trends in sea level and land level caused by GIA, together with the observed trends in sea level and land level, are shown in Figure 3 . The location of the forebulge collapse is visible as a positive trend in relative sea level ( Figure 3a ) and strong land subsidence ( Figure 3b ). The predicted region of the forebulge collapse coincides well with the southwestern stations that show high rates of subsidence and sea-level rise. The northeastern stations are located farther away from the middle of the forebulge collapse area, and relative to the more southerly stations, are characterized by less negative or slightly positive rates of VLM. Therefore, the horizontal gradient in observed vertical land motion and sea-level rise along the coastline, as shown in Figure 2a , is consistent with the complex structure seen in the predicted present-day effect resulting from GIA. When the relative sea-level estimates are removed from the tide gauge observations, the interstation spread, visible in Figure 1b , is reduced, as depicted in Figure 4 . The standard deviation of the observed relative sea-level trends is reduced from 1.12 mm/yr without GIA correction to 0.66 mm/yr after removing the local GIA signal.
However, it must be noted that the exact location of the forebulge is uncertain and the presence of a strong gradient in modeled vertical land motion and sea-level Journal of Geophysical Research: Oceans 10.1002/2017JC012699 trends perpendicular to the coastline makes sampling of the GIA signal at tide gauge stations prone to errors, which are not fully quantified in the formal uncertainty estimates.
Present-Day Mass Redistribution
Redistribution of mass between land and ocean causes, in addition to changes in the global-mean barystatic sea level, regionally varying sea-level changes. These regional variations are caused by changes in the earth gravity field (geoid changes), deformation of the solid earth, and earth rotation effects [Tamisiea and Mitrovica, 2011] . Hence, similar to GIA, both tide gauge and GPS observations are affected by present-day mass redistribution. In this section, we quantify the influence of the major mass exchange processes on sea level and vertical land motion in our region of interest.
The effects of mass redistribution on sea level are computed by solving the elastic sea-level equation [Farrell and Clark, 1976] . We apply the spherically symmetric approximation and solve the equation in the centerof-mass (CM) frame using the pseudo-spectral method as described by Tamisiea et al. [2010] . The earth rotation effect is modeled following the description in Sabadini et al. [2016] . The resulting effects of mass transport on local observations of relative sea level can be split in different contributors, g 0 ðh; /; tÞ5 g 0 ðtÞ1G 0 ðh; /; tÞ2R 0 ðh; /; tÞ;
(2) g 0 ðh; /; tÞ is the local relative sea-level anomaly at longitude / and latitude h and time t as a result of the mass redistribution, which is observed by tide gauges. g 0 ðtÞ is the global-mean term that is required to ensure global mass conservation. G 0 ðh; /; tÞ denotes changes of the geoid and R 0 ðh; /; tÞ is the resulting deformation of the solid earth. Note that g 0 ðtÞ is not the same as the global-mean barystatic contribution, since the geoid and solid earth deformation fields do not evaluate to zero over the whole ocean. Mass redistribution affects GPS observations only by the resulting solid earth deformation, while tide gauge observations are affected by all processes on the right-hand side of equation (2).
Here we consider the large-scale mass redistribution due to glacier and ice sheet melt, natural hydrology, groundwater depletion, dam retention, and the 18.6 year nodal tide. Except for the Greenland ice sheet, we use the same estimates for the individual mass redistribution processes as in Frederikse et al. [2016] , which provides a detailed description of the used models and the derivation of formal uncertainties. Here we review the mass redistribution models briefly. For glacier melt, we use the modeled mass balance estimates of Marzeion et al. [2015] , which provides estimates of the mass evolution of 18 glacierized regions.
For the Greenland Ice Sheet, the mass balance estimates and their uncertainties from Kjeldsen et al. [2015] are used before 1992. After 1992, the Greenland mass change is estimated from the Surface Mass Balance (SMB) and solid ice discharge. SMB is modeled using RACMO2.3 [No€ el et al., 2015] , while ice discharge is modeled using a constant acceleration of 6.6 Gigaton/yr 2 , based on results from van den Broeke et al. [2016] . For the Antarctic ice sheet, we assume no mass changes before 1979, a longterm balance between the Antarctic Ice Sheet SMB [van Wessem et al., 2014] and ice discharge between 1979 and 1992, and we assume 2.0 Gt/yr 2 acceleration of the ice discharge after 1993, which gives a reasonable fit to both the results of the IMBIE intercomparison case [Shepherd et al., 2012] and GRACE observations of ice mass loss over more recent years [e.g., Watkins et al., 2015] . Note that the contribution of the Antarctic ice sheet before the nineties is very uncertain, although observations of earth rotation suggests that the total ice sheet contribution before the nineties is probably below 0.2 mm/yr [Mitrovica et al., 2015] . The resulting regional sea-level patterns are sensitive to the location of mass loss. Therefore, the mass loss of each ice sheet is partitioned by scaling the ice-sheet averaged trend by the individual trend in each grid cell, computed from GRACE mascon solutions [Watkins et al., 2015] . Variability in natural hydrology and the depletion of groundwater are based on the outcomes of the PCR-GLOBWBv2 global land hydrology model [Wada et al., 2011 [Wada et al., , 2014 . For dam retention, we have used the GRanD Global Reservoir and Dam database [Lehner et al., 2011] to estimate the location and capacity of all reservoirs. The filling and seepage rates of the reservoirs are estimated following the method of Chao et al. [2008] . The astronomical nodal cycle causes a tidal signal with a period of 18.61 years. This tidal signal also acts as a mass redistribution process, and thus results in geoid changes and solid earth deformation. We model the effects of the nodal cycle under Journal of Geophysical Research: Oceans 10.1002/2017JC012699
the assumption that the amplitude and phase of the nodal cycle do not depart from tidal equilibrium [Woodworth, 2012] . Since our region is close to 358 latitude, where the amplitude of the nodal cycle is zero, the impact of the nodal cycle is small, with an amplitude of about 1-4 mm in sea level and 0-0.2 mm in the solid earth height.
For each individual process, the sea-level equation is solved for the annual-mean mass redistribution. The time series of vertical land motion and sea-level change resulting from the individual mass transport processes and their confidence intervals, averaged over all 14 stations, are depicted in Figure 5 . The resulting vertical land motion from the sum of processes shows a clear acceleration. Mostly due to the decrease in dam construction and the increase of Greenland melt, the solid earth response shows an upward acceleration since the nineties (Figure 5a ). Note that due to its proximity, Greenland mass loss causes uplift in the region, while the distant Antarctic ice sheet causes subsidence. Due to the acceleration since the nineties, the region-mean VLM trend since 2000 is in the order of 0.5 mm/yr. This trend is larger than the trend over the full period, which is in the order of 0.1 mm/yr. Since GPS observations typically cover only the last 10-15 years, the observed trend over that period is not fully representative for the long-term VLM trend. This difference causes a bias if the GPS trend is assumed to be representative for the full tide gauge record.
Even though the land motion caused by the present-day mass contributors is positive, the cumulative effect of all contributors still results in a positive relative sea-level trend and an acceleration over the period of interest.
Since the northernmost station Halifax and the southernmost station Sewells Point are about 1500 km apart and the region is in close proximity to some glacierized regions and the Greenland ice sheet, interstation differences in the mass contribution to sea-level rise are present. In Figure 6 these differences are quantified by estimating the linear trend resulting from each contributor and their sum at each grid cell. A gradient along the coast can be seen in the contribution of glaciers and Greenland (Figures 6a and 6b ), while the other processes (Figures 6c-6e ) vary less over the region. The sum of processes ( Figure 6f) shows that in our region of interest the interstation differences are in the order of 0.1 mm/yr, which is an order of magnitude smaller than the differences caused by GIA. Therefore, present-day mass transport will only explain a negligible fraction of the observed interstation variability in sea-level trends.
Ocean Dynamics
We have now quantified the major past and present-day mass transport effects, and the next step is to determine the role of ocean dynamics on coastal sea level. Since we have applied a simple regression model (equation (1)) to remove the local impact of wind and pressure, we will look for remote drivers of variability. Due to the presence of, among other processes, boundary waves and currents, coastal sea-level trends, and variability are often decoupled from the nearby open ocean, even on decadal time scales [Bingham and Hughes, 2012] . In contrast, coastal sea level often shows alongshore coherence over thousands of kilometers [Hughes and Meredith, 2006 ]. Hence, we cannot directly use the steric height signal in the nearby open ocean as a proxy for dynamic sea-level changes along the coast. To determine whether a link exists between dynamic sea-level changes in the open ocean and along the coast, we determine the correlation between tide gauge and altimetry observations. We obtained a multimission gridded altimetry sea-level anomalies product from Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO). A Gaussian filter with a half-width of 75 km has been applied to the fields to remove high-frequency signals related to ocean eddies. The correlation pattern between region-mean sea level from tide gauges and sea level in the Northwest Atlantic from altimetry is shown in Figure 7a . This figure clearly shows a high correlation over the shelf along the coast, which confirms that the coastal sea-level signal is reproduced by altimetry. Furthermore, a large area of high correlation is visible in the southern part of the North Atlantic Subpolar Gyre. Both findings correspond well to the results of Andres et al. [2013] , who also found this correlation pattern. If we remove the signals related to present-day mass effects from the tide gauge and altimetry records, and we recompute the correlation (Figure 7b ), coastal sea level is also highly correlated with the boundary of the North Atlantic Ocean along the coast of Greenland. One of the main reasons for the improvement in the correlation pattern after removing the mass contributors is the contribution of the 18.6 year nodal cycle. Its amplitude increases with higher latitudes and forms a substantial contribution to the decadal sea-level signal around Greenland. Removing the equilibrium nodal cycle from the altimetry record Journal of Geophysical Research: Oceans 10.1002/2017JC012699 explains the majority of the observed increase in correlation along the Greenland coast. Because we have removed all mass signals, this correlation pattern must have its origin in ocean dynamics. Hence, this correlation pattern suggests a link between sea-level variability in the boundary current of the Subpolar Gyre and dynamic sea level near the coast.
Since density effects are one of the factors that drive dynamic sea-level changes, the next step is to use in situ temperature and salinity observations to compute steric height changes. Regular in situ measurement campaigns have been conducted in the region [Kieke and Yashayaev, 2015] , which allows us to estimate steric height changes over the last 50 years from in situ data. However, in the northern part of the Subpolar Gyre, the amount of observations is lower, and due to sea ice and weather conditions, biased toward summer observations. We computed steric heights from the EN4 data set (Good et al. [2013] , version 4.1.1, with the Gouretski and Reseghetti [2010] XBT and MBT fall rate correction applied.) over the period 1965-2014. The EN4 database provides gridded temperature and salinity observations, from which steric height anomalies are derived using the TEOS-10 package [Roquet et al., 2015] . Since the amount of observations below 2000 m in the Subpolar Gyre is limited, we only use observations in the upper 2000 m. We computed the correlation between the station-mean tide gauge signal, with the mass signal removed, and steric height anomalies, evaluated over the upper 2000 m. The correlation pattern (Figure 8a) shows that the high correlation between coastal sea-level changes and dynamic sea-level changes in the southern part of the Subpolar Gyre in Figure 7b is also visible in in situ observations over a longer time span. Since steric height changes in shallow water are small, the correlation between on-shelf steric height and tide gauge observations decreases, which probably causes the low correlation on the shelf in Figure 8a .
The observed high correlation between dynamic sea level on the shelf and in the southern Subpolar Gyre is in line with multiple modeling studies. H€ akkinen [2001] finds a coherent decadal sea-level signal in the Subpolar Gyre and along the US east coast using empirical orthogonal functions from model data. Using highly simplified models, Hsieh and Bryan [1996] and Johnson and Marshall [2002] argue that Kelvin waves along the western boundary of the North Atlantic result in a quick alongshore adjustment to sea-level perturbations at high latitudes. This quick response is followed by a slower response resulting from advective processes. However, the sidewalls of the western boundary are not vertical, and hence the boundary wave propagation will take the form of a coastally trapped wave instead of a pure Kelvin wave [Huthnance, 1978] .
Using an isopycnal ocean model with realistic topography, Roussenov et al. [2008] find that sea surface height anomalies in the Labrador Sea propagate along the southern Subpolar Gyre and the western boundary of the North Atlantic coast. Hodson and Sutton [2012] confirm this propagation mechanism and argue that the propagated density anomalies at 800-1800 m depth are related to changes in the AMOC strength. Roberts et al. [2013] compare multiple coupled climate models, and using a lead-lag correlation analysis, they show that density anomalies in the Labrador Sea are propagated both along the Subpolar Gyre and the western boundary. Hence, these model results clearly suggest that the correlation pattern in Figure 8 is Journal of Geophysical Research: Oceans 10.1002/2017JC012699 a result of high-latitude anomalies that are propagated both into the Subpolar Gyre and along the western boundary. These adjustment processes not only result in a coherent sea-level variability signal, but on multidecadal time scales, also on a coherent sea-level rise signal [Yin et al., 2009] .
To obtain a proxy for the high-latitude sea-level anomalies that affect coastal sea level, we average the steric signal over the region of high correlation in the southern Subpolar Gyre. We define this region as all grid cells with a depth of at least 2000 m, a positive correlation coefficient and a positive coefficient of determination (R 2 ) with detrended coastal sea level. These points are encircled by the green line in Figure 8a . The resulting time series of steric height changes in the area encircled by the green line is shown in Figure 8b . The steric signal is not correlated with the signal that has been removed by the regression analysis in equation (1) (correlation coefficient of 0.06 between both low-pass filtered and detrended signals).
Various processes may be responsible for the observed steric variations. In the upper ocean, the East and West Greenland Current and the Labrador Current form a cyclonic boundary current system [Fischer et al., 2004] . The variability in this upper layer is largely driven by atmospheric processes [Han et al., 2010] . At intermediate depths, Labrador Sea Water (LSW) can be found, which is formed during deep convection events in the Labrador Sea. After formation, LSW is transported at depth along the western boundary of the Atlantic by the Deep Western Boundary Current [Rhein et al., 2011] . This DWBC forms the lower limb of the Atlantic Meridional Overturning Circulation (AMOC), and changes in the density of LSW are believed to impact its strength [Robson et al., 2014] . Model predictions show that changes in the AMOC strength have a large impact on sea level along the US coast, and its projected slowdown in a warmer climate leads to sealevel rise in the Subpolar Gyre and along the US coast [Yin et al., 2009; Bingham and Hughes, 2009] . Below the LSW deep water masses are present that are formed from Denmark Strait Overflow Water (DSOW) and Iceland-Scotland Overflow Water (ISOW), which are also transported by the DWBC [Rhein et al., 2011] .
To separate the signal of these different water masses on our proxy for the high-latitude steric variability, we compute the steric height variability over the depth layers that contain these different water masses. These layers can be separated using a potential density anomaly criterion. Following Rhein et al. [2011] , we define Labrador Sea Water as water with a potential density anomaly of r h 5½27:68; 27:80 kg=m 3 . When we average the potential density anomalies over the area of high correlation (denoted by the green line in Figure 8a) , we find LSW below 650 m depth. The lower bound of the LSW layer is generally located around or below 2000 m (see supporting information Figure S3 ). The resulting steric height anomalies in both layers and over the full column, averaged over the area of high correlation, are depicted in Figure 8b . The upper layer (red line) exhibits strong decadal variability, while variability in the deeper layer (blue line) acts mostly on multidecadal scales with an acceleration starting halfway into the nineties. Due to the limited availability of observations below 2000 m, we do not include the effects of changes in deep water density on coastal sea level. The steric signal integrated over both layers (green line) contains a strong increase in steric height since the nineties.
In this section, we have shown that a strong correlation exists between steric variability on decadal scales along the northwestern Atlantic coast and in the Subpolar Gyre. Multiple model studies pointed at a very similar correlation pattern, which is related to the southward propagation of density anomalies in the Labrador Sea. We use the density changes in the southern Subpolar Gyre as a proxy for the impact of this highlatitude variability on the trend and decadal variability of coastal dynamic sea level. Therefore, we use the steric signal in the upper 2000 m in the southern Subpolar Gyre (denoted with the green line in Figure 8b ) as a proxy for dynamic sea-level response along the northwestern Atlantic coast to this variability.
Regional Vertical Land Motion and Sea-Level Budgets
In the previous sections, we have obtained estimates of the impact of GIA, present-day mass transport, and high-latitude steric variability on coastal sea-level changes. In this section we compare the sum of all contributors with the observed sea level and vertical land motion and verify whether the regional sea-level budget can be closed between 1965 and 2014. To avoid the bias due to nonlinear solid earth deformation resulting from present-day mass redistribution, we split the observed VLM trends into two known contributors and the residual trend, Journal of Geophysical Research: Oceans
with d z dt the observed linear VLM trend. d RGIA dt is the modeled linear VLM trend resulting from GIA. d RPD dt is the linear trend in solid earth deformation resulting from present-day mass redistribution over the period covered by the GPS observation at each station. d z r dt is the residual vertical land motion that cannot be explained by the other terms. We make the assumption that the residual VLM term stays constant over the complete time span, and the residual VLM term appears as a linear trend in the relative sea-level budget. The VLM budget for each GPS station is shown in Figure 9 . For most stations, the largest fraction of the observed VLM trend can be explained by GIA, which varies considerably over the region. Present-day mass effects cause an uplift rate in the order of 0.5 mm/yr. The interstation differences in the contribution of present-day mass effects are largely caused by different lengths of the GPS records and only to a small extent by spatial variability of the solid earth deformation. For twelve out of fourteen stations, the combination of GIA and present-day mass effects explain the observed VLM trend within confidence intervals. For two stations (3 and 7), a significant difference between the modeled and observed VLM remains. Now we have removed the impact of GIA and present-day mass redistribution on vertical land motion, we can use the modeled relative sea-level change from equation (2) in our budget. When we combine all terms, our sea-level budget equation reads, g Sum ðtÞ5g GIA ðtÞ1g PD ðtÞ1g Dyn ðtÞ2 z r ðtÞ:
Here g Sum ðtÞ is the sum of the modeled contributors. g GIA ðtÞ; g PD ðtÞ, and g Dyn ðtÞ are the contributions of GIA, present-day mass transport, and ocean dynamics. The ocean dynamic contribution is approximated by the open-ocean steric signal from the Northwest Atlantic, as discussed in section 5, and displayed in Figure  8b . For the ocean dynamics, similar to the observed sea level, we assume that the temporal autocorrelation of the noise follows a Generalized Gauss-Markov distribution. We use this budget equation to compute trends in all contributors and compare their sum with the observed trend in sea level. The budget for each individual station is depicted in Figure 10 . For each individual station, the observed sea-level trend can be explained by the sum of contributors within the overlapping confidence interval. Again, GIA is the dominant term, especially for the southwestern stations. The role of present-day mass and ocean dynamics are both similar in size. Note that for each stations, the same proxy for ocean dynamics is used. Also for present-day mass effects, the interstation spread is small. The residual VLM term is generally smaller than the other terms, but for some stations, its size is considerable.
To obtain a region-mean budget, we average the observed and modeled time series of the individual stations. To obtain estimates for the station-mean uncertainties, we use the average uncertainty of all individual contributors, since these processes have a common origin. For the uncertainty in vertical land motion, we assume that the errors of the individual stations are independent, and the individual VLM uncertainty estimates are averaged in quadrature. The uncertainty of the observed station-mean sea level is computed under the assumption of a generalized Gauss-Markov (GGM) noise structure, with the uncertainty that originates from the regression model, as discussed in section 2, added in quadrature. The resulting region-mean trends and accelerations are listed in Table 2 . As expected, GIA dominates the station-mean linear trend. The nodal cycle only plays a very small role, while the residual VLM term is not significantly different from zero. As for each individual station, the sum of contributors explains the observed station-mean trend well within the confidence intervals.
Under the assumption that the noise in the observations follows a generalized Gauss-Markov (GGM) distribution, the observed sea level shows a significant upward acceleration of 0.126 6 0.046 mm/yr 2 over our period of interest. The acceleration in present-day mass redistribution is positive, but too small to explain the acceleration in observed sea level. The acceleration of the ocean dynamics term is larger than the mass redistribution term, and when both terms are added, the acceleration in observed sea level can be explained within confidence intervals. Hence, the observed large acceleration in regional sea level can be linked to the ocean dynamics signal.
To study the origin of the observed decadal sea-level variability, the observed station-mean sea-level time series and the individual contributors are shown in Figure 11a . The ocean dynamics term explains almost all observed decadal variability, while the contribution of present-day mass largely consists of an acceleration and does not show substantial decadal variability. GIA and residual VLM are assumed to be linear, and hence, only explain a part of the observed trend. When we compare the time series of observed sea level to the sum the individual contributors (Figure 11b ), we see that both the long-term trend as well as the majority of observed decadal variability are explained by the sum of contributors: the correlation between the detrended observation and sum of contributors is 0.86, with a coefficient of determination (R 2 ) of 0.68. The residual is depicted in Figure 11c . The bound of the confidence interval, which is computed by summing the confidence intervals of the individual terms in quadrature, does not significantly deviate from zero, except for one distinctive event around 1997, where the peak in coastal sea level is not captured by the steric height observations. We have verified the altimetry observations, which do show a similar peak around 1997 in the Subpolar Gyre. Furthermore, the profiles show an unstable stratification in 1997 (see supporting information Figure S3 ), which suggests that the mismatch may be related to issues with the hydrographic profiles.
These results show that a large fraction of the observed sea-level acceleration Figure 10 . Observed and modeled trends in sea level for all individual stations, together with the accompanying uncertainty estimates. The residual VLM term is inverted to show its contribution to the sea-level budget.
Journal of Geophysical Research: Oceans 10.1002/2017JC012699 and decadal sea-level variability are also found in the proxy for high-latitude steric variability, while the trend is mainly determined by the combined effects of GIA, present-day mass redistribution and the contribution of high-latitude steric variability. The sum of contributors explains the observed trend and accelerations well within confidence intervals, as well as a large fraction of the decadal sea-level variability.
Discussion and Conclusions
We have studied the individual contributors to the observed sea-level trend and decadal sea-level variability along the Northwest Atlantic coast over 1965-2014. The effects of GIA, present-day mass redistribution, and the dynamic signal driven by high-latitude steric variability have been compared to observations of sea level and vertical land motion. For this comparison, we have used a self-consistent framework that takes the difference in observation lengths of GPS and tide gauge records into account. This framework consists of two separate budgets: one for vertical land motion and one for sea level. The vertical land motion that results from present-day mass redistribution (i.e., ice melt, dam retention, and groundwater depletion) is not linear over the full time span of this study. Therefore, a linear trend, estimated over the lengths of the GPS observation is not fully representative for the local long-term vertical land motion. To overcome this problem, we separate the observed VLM into a part explained by GIA and present-day mass redistribution, and an unexplained part. Only the GIA contribution and the unexplained part of the observed VLM are assumed to be linear over the studied period. GIA causes a complex spatial pattern of land subsidence and sea-level rise in the region: the coast is affected by both uplift from the Laurentide Ice Sheet and by subsidence due to its forebulge collapse. An updated data-driven GIA model is used to explain the tide gauge and GPS observations. With this model, we can explain the observed trends in sea level and vertical land motion to a high extent, as well as the interstation variability of sea-level and VLM trends.
To assess the impact of present-day mass redistribution on regional sea level and land level, we solve the elastic sea-level equation for each mass redistribution process. The effect of ice melt from glaciers and both ice sheets, dam retention, and terrestrial water storage changes due to natural variability and groundwater depletion have been taken into account. The combined mass contribution causes a positive trend and acceleration in both sea level and land motion over our period of interest. The interstation variability in the contribution of present-day mass transport is small.
Model results, altimetry, and hydrographic observations show a strong correlation between steric height in the southern Subpolar Gyre and sea level on the Northwestern Atlantic coast north of Cape Hatteras. This common signal is likely caused by propagation of anomalies in the Labrador Sea, which are propagated southward. The resulting signal causes a positive sea-level trend, explains the large acceleration in observed sea level, and dominates the observed decadal variability along the coast.
Since the Gulf Stream affects coastal sea-level variability south of Cape Hatteras [McCarthy et al., 2015] , this correlation cannot be observed further south. The observed acceleration in dynamic sea level agrees well with a strong decrease of the water density in the Labrador Sea [Robson et al., 2014] .
The combination of all these effects allows us to explain the observed station-mean sea-level trend, acceleration, and decadal variability well within the confidence intervals. Observed linear trends at individual tide gauge stations can be explained by the sum of contributors at all stations within the confidence intervals. For 12 out of 14 GPS stations, we can also explain the observed vertical land motion. GIA explains the vast majority of the observed VLM behavior, which causes large interstation differences.
The acceleration in observed sea level in this region is strong, which has already been noted in other studies [e.g., Sallenger et al., 2012; Ezer and Corlett, 2012] . This strong acceleration is also found in the southern Subpolar Gyre steric observations. However, our 50 year record is too short to separate a secular acceleration from multidecadal variability. It is known that multidecadal variability has a large effect on acceleration estimates from tide gauge records [e.g., Dangendorf et al., 2014b; Haigh et al., 2014] . In our region, Kopp [2013] argues that the observed acceleration does not yet exceed the likely range of multidecadal variability. Hence, the acceleration that we observe in this study may not be representative for longer periods.
Some of the questions that are not yet fully answered in this study are the physical mechanisms behind the high-latitude steric variability and whether other dynamical processes affect decadal sea-level variability, trends and acceleration in the southern Subpolar Gyre and along the coast. Since changes in the density of the Labrador Sea are linked to both changes in the strength of the AMOC and the Deep Western Boundary Current [Hodson and Sutton, 2012; Roberts et al., 2013] , understanding how these mechanisms are linked to coastal sea-level changes may help gaining insight into the impact of AMOC changes and other ocean dynamic processes on coastal sea level. Furthermore, separating the impact of the AMOC from other processes on sea level in this region may aid in improving coastal sea-level projections, which heavily depend on the coupling between expected decline of AMOC strength and higher sea level along the US Atlantic coast.
